The models of the heterostructures based on the β-InSe, In4Se3 and In4Te3 crystals were proposed and the first-principles study of their electronic and optical properties were presented. The band spectra, the spatial distributions of the electron density and the absorption coefficients for different polarizations along crystal axes for the heterostructures of the (In4Se3)m/(In4Te3)m and β-InSe/In4Se3 type were calculated. The evolution of the changes in both energy spectrum and optical functions of the heterostructures in comparison with the bulk crystals has been analyzed. Our calculations point out the heterostructures stability and good agreement with the experimental investigations of the photosensitivity in the near and middle infrared region.
Introduction
The indium chalcogenides keep attracting an increasing attention because of their wide applications in the optoelectronics devices development as highly sensitive dynamic and static strain sensors. In this context, the semiconductor compounds of the In-Se system and their solid solutions are used for the production of the photosensitive elements on the basis of the homo-and heterojunctions, which have been obtained by van der Waals epitaxy method and laser restructuring [1] [2] [3] . The formation of the In 4 Se 3 /In 4 Te 3 and β-InSe/In 4 Se 3 heterostructures leads to widening of the spectral sensitivity range of the photoelements. It is established that these elements are sensitive within the range of 1.0−2.0 µm and thus can be successfully used as infrared detectors and filters [4] [5] [6] [7] . Indium selenides have also been found to be an attractive materials for solar energy conversion [8, 9] and excellent electrode materials for lithium ion batteries [10] .
To contribute to the understanding of the spectral characteristics formation of the photosensitive devices, it is of interest to study the electronic structures and optical properties of the different heterostructures built upon In 4 Se 3 , In 4 Te 3 and β-InSe crystalline semiconductors. Considered choice of the crystals is made by virtue to obtain the stable heterostructures with the perfect interfaces. In this connection it should be noted that while In 4 Se 3 and In 4 Te 3 orthorhombic crystals (D 12 2h space group) are isostructural materials and lattice mismatching between constituent materials of heterostructures are small (≈ 2%), the In 4 Se 3 and β-InSe (D 4 6h space group) layered crystals have completely different lattice types and form the strained heterostructures [11] . As it was * corresponding author; e-mail: lkharkhalis@gmail.com shown in our previous article [11] , the strain can drastically change not only lattice parameters of connected materials but also their energy parameters. Despite experimental fabrications of the heterostructures on the base of the indium chalcogenides [1] [2] [3] , theoretical investigations of electronic structure are almost absent today.
The main reason for such situation is in the complex structure of these materials thus a great number of unit cells in one period of heterostructures which contains a huge number of atoms. This factor is the main obstacle for performing ab initio investigations of such heterostructures. In this work, we propose the models of the heterostructures of (In 4 Se 3 ) m /(In 4 Te 3 ) m and β-InSe/In 4 Se 3 type and carry out the first-principles investigations of their band energy spectra and optical properties. The presence of the materials with different conductivity and the compatibility of the crystal parameters and the similarity of the band structures are necessary conditions for the formation of the heterostructures based on the indium chalcogenides.
As it is known, the β-InSe, In 4 Se 3 and In 4 Te 3 indium chalcogenides occupy a special place between the strongly anisotropic materials due to a complex crystal structure. The In 4 Se 3 and In 4 Te 3 belong to the layered-chain materials and crystallize in orthorhombic syngony D 
29 eV [16] ) and accordingly it is characterized by higher photosensitivity [1, 17] . Recently in [1, 2] it was found that the heterostructures based on In 4 Se 3 and In 4 Te 3 and their solid solutions, which have been obtained by the liquid epitaxy and laser solid restructuring, are new materials for infrared technology. They are photosensitive in the spectral range 1.0−2.0 µm at room temperature. The largest shift in the long-wavelength photosensitivity occurs in n-In 4 Se 3 −p-In 4 Te 3 heterojunction [17] .
Unlike to the In 4 Se 3 and In 4 Te 3 crystals, the β-InSe compound (the 8 of atoms per unit cell) crystallizes in a hexagonal lattice symmetry and it is described by space group D 4 6h (a = b = 4.048 Å, c = 16.930 Å) [18] . However, as it follows from the experimental studies [3] , one can also create the quality heterojunctions based on β-InSe and In 4 3] .
The crystal structures and the spatial distributions of the electron density for the (In According to the estimation of the total energy, the considered heterostructures are stable. It also shows the spatial distribution of electron density. As it follows from our calculations, the increase of the wave function overlapping for the In atoms belonging to different layers on the heterointerface: a layer of the Se atoms and layer of the Te atoms, is obvious with the growth of the heterostructure period. The charge redistribution at the layers indicates that the formation of the heterostructures may effect on the In(Te)-Se bonds.
In the article [11] it was shown that strain-balanced heterostructure β-InSe/In 4 Se 3 can be constructed of three unit cells of In 4 Se 3 crystal and of twelve unit cells of β-InSe crystal. From the conditions of mechanical equilibrium of the β-InSe/In 4 Se 3 heterojunction, the strain tensor components for hexagonal and orthorhombic structures and the new parameters of the deformed β-InSe and In 4 Se 3 crystals were theoretically calculated. Using the established in [11] specific orientation of the β-InSe and In 4 Se 3 stacking monolayers and their matching we performed the first-principle calculations of the band spectrum and the spatial distribution of the electron density for the β-InSe/In 4 Se 3 heterostructure (using the SIESTA code [19] ). As it is seen in Fig. 1b , the space charge accumulation region is observed at the heterointerfaces of β-InSe/In 4 Se 3 system.
The main result of the first-principles calculations of the band structures for the (In 4 Se 3 ) m /(In 4 Te 3 ) m is the change of the bandgap. For these heterostructures, we have confirmed the appearance of the direct band gap transition in the Γ point as well as for In 4 Se 3 and In 4 Te 3 bulk crystals. Unlike to the band structure of the considered heterostructures, the electronic spectrum for the β-InSe/In 4 Se 3 heterostructure is very complicated with many subbands. The electronic band structures of investigated heterostructures are very sensitive to thickness, as well the strain.
Optical properties
We carried out the investigations of the optical properties of the (In 4 Se 3 ) m /(In 4 Te 3 ) m (m = 1,2) and β-InSe/In 4 Se 3 heterostructures according to the fundamental absorption theory using density functional theory (DFT) calculation [19] and the Kramers-Kroenig relations [20] . Real and imaginary parts of the dielectric function, the absorption coefficient for different polarizations along crystal axes are determined by the expressions:
where ε 1 = n 2 − k 2 , ε 2 = 2nk, and the absorption coefficient is α = 2kω/c. An analysis of the absorption coefficient spectra shows the anisotropic character that is connected with the anisotropic crystal structure. Unlike to the E b and E c light polarizations, at the E a light polarization the optical absorption spectra in the In 4 Se 3 crystal contain the separated peaks in the 0.50−0.70 µm wavelength region and the wide peak in of 0.80−1.20 µm region, while for the In 4 Te 3 crystal the wide peak is shifted to the region of 1.10−1.60 µm. With the (In 4 Se 3 ) m /(In 4 Te 3 ) m heterostructure construction the spectral region widening as well as the shift of absorption spectra into longwave region take place. The essential change of the absorption coefficients spectra is observed for the β-InSe/In 4 Se 3 heterostructure. Especially, the peak intensity increases in comparison with one for the bulk crystals and the (In 4 Se 3 ) m /(In 4 Te 3 ) m heterostructures. The shift of the optical absorption coefficient into the longwave region is found for β-InSe/In 4 Se 3 heterostructure, too. This factor can be related to specific stacked structure.
Conclusions
We have performed the first-principle calculations of the band spectra, the spatial distributions of the electron density and the absorption coefficients for different polarizations along crystal axes for the In 4 Se 3 and In 4 Te 3 layered orthorhombic crystals and the (In 4 Se 3 ) m /(In 4 Te 3 ) m and β-InSe/In 4 Se 3 heterostructures. The evolution of the changes in the symmetry and both energy spectrum and optical functions of the heterostructures in comparison with the bulk crystals had been analyzed. It is shown that the widening of the spectral sensitivity range takes place with the increase of the heterostructures thickness. The strain-induced electronic structure changes in the β-InSe/In 4 Se 3 heterostructures have been analyzed well.
Our calculations point out the possibility of the forming of the stable heterostructures on the base of the indium chalcogenides and will guide the design of future applications of this type of heterostructures in the near and middle infrared region spectra.
